(Received for publication, July 15, 1964) In the previous papers of this series (1-5) we have described the specific localization of 1 ass-or la*6-1abeled antigens in the primary follicles of rat lymph nodes. Such localization appeared to be important for the understanding of the induction of the immune response because germinal centers appeared in direct relation to the follicular antigen depots; and because non-antigens apparently failed to localize in these areas.
Preparation of Sections for Fluorescent Antibody
Stud/es.--Rats were killed at various times after antigen injection by a blow on the head under ether anesthesia. The popliteal nodes were removed as gently as possible. In one group of animals, to be described, aortic nodes and spleen were also removed. Tissues were fixed, embedded, and cut by the cold ethanol method of Sainte-Marie (11) . The sections retained excellent histological detail. After processing for immunoffuorescence, they could be stained fairly well with hematoxylin and eosin but not with methyl green-pyronin.
Fluorescent Antibodies.--Two fluorescent reagents were prepared by the method of Riggs et al. (12) , a rabbit anti-S, ad~a/de flagella antibody and a normal rabbit globulin. The unbound fluorescein isothiocyanate was removed by dialysis against phosphate-buffered saline, pH 7.3, for 2 days and passage of the conjugate through a column of sepbadex G-75. Fluors were stored frozen, in small aliquots, and, 2 weeks or less prior to use, were absorbed at least twice with washed lyophili~d rat liver and spleen powder. The fluor prepared from rabbit antibody against S. adda/d¢ flagella stained the flagella of bacteria sharing the H antigen, fg, and the bodies of bacteria sharing the 0 antigen, 35. This confirmed previous work (2) which consistently showed the presence, in trace amounts, of 0 antigen in even the purest flagella preparation. The antiS, adda/de fluor did not stain S. paratyphi B. The fluor prepared from normal rabbit globulin did not stain S. adda/de bacteria.
Fluorescent Staining.--Sections were stained with fiuor either at 37°C for 1 hour or at 4°C for 16 hours. The former method gave slightly brighter specific staining, but the latter gave greater contrast and was more useful for routine studies. Three types of controls were used: (a) specific fluor mixed with an equal volume of whole serum containing unconjugated specific antibody. Here the non-fluorescent antibody partially or wholly blocked the reaction (13); (b) st~inlng with a fluor prepared from normal rabbit globulin: this never gave patterns resembling the specific staining, although in occasional sections germinal centers and medullary cords showed a slight increase in background staining; (c) simultaneous staining with anti-S. adda/de fluor of sections from rats injected with S. paratyphi B. flagella: these stained similarly to control group (b) above.
In all controls, polymorphonuclear leucocytes and mast cells showed bright, non-specific fluorescence.
Demonstration of Pkagocyti~ Cells by Uptake of Colloidal Carbon.--Rats not previously
injected with antigen were injected with 0.1 to 0.15 ml of colloidal carbon (pelikan, type C 11/143a, Gunther Wagner, Germany) suspended in "fish glue." The suspension was used as supplied, without attempting to remove the larger carbon particles. Rats were killed at intervals from 6 hours to 5 days later, the popliteal and aortic lymph nodes removed, fixed in 10 per cent formol-saline, embedded in paraffin, and cut at 5/z thickness by standard techniques. Sections were examined unstained, or stained with hematoxylin and eosin, methyl green-pyronin or the silver impregnation technique of Gordon and Sweets (14) for reticulin fibres.
Demoz~t~ation of Metalophil Cells.--Popliteal and aortic lymph nodes and spleens from rats were sectioned and stained by the ammoniacal silver method of Marshall (9) . Frozen sections, I0 per cent formalin-fixed, and cold ethanol-fixed sections were used. In our hands the last method proved most reliable for lymph nodes.
I~SULTS
Definition,~.--For the purpose of this article it is essential to make clear various histological features of the lymph node cortex. The justification for some of the following definitions has been discussed previously (4) .
Primary follicles: The rounded areas of densely packed small lymphocytes, which lie just under the peripheral sinus, are usually marked by a slight convexity on the surface of the node and contain no obvious primitive cells.
Germinal centers: The round collections of primitive lymphoid cells, macrophages, and reticular cells which develop following antigen deposition in primary follicles (4) or which are found in nodes not intentionally stimulated but believed to be the site of an active immune response.
Diffuse cortex: The bulk of the lymph node cortex, consisting of less densely packed lymphocytes, occasional large pyroniniphilic lymphoid cells, reticular cells, and the post-capillary venules with their characteristic cuboidal endothellum.
Reticulum: The combined structure formed by the non-living fiber skeleton of the node and the accompanying dendritic reticular cells. Some of the latter have long been known to have phagocytic activity (15) .
Antigen Localization after a Primary Stimulus.--In a preliminary experiment, 2 rats were given 100 #g of antigen and killed 24 hours later. Their popliteal nodes showed the features of protein antigen localization essentially as described by Coons et al. (16) . The phagocytes of the medullary sinuses were brilliantly and specifically stained (Fig. 1 ), as were occasional scattered dendritic ceils in the diffuse cortex and the medullary cords. However, no antigen localization in primary follicles could be detected.
In the next experiment, 5 rats were given 200 #g of antigen, and were killed at 1 and 4 hours, 1, 3, and 5 days after injection. The phagocytosis pattern described above was confirmed at all time points. At 1 hour the cells lining the circular sinus also showed specific staining, but this had disappeared by 4 hours. At the first 4 time points, an occasional follicle contained one or a few dendritic cells (Fig. 2) . By 5 days, several follicles showed a few strands of specifically stained material much finer than the normal dendritic processes. More definitive results were obtained when the antigen dose was raised to 2 rag. Five rats were injected with this dose and killed at 1 and 4 hours, 1, 3, and 5 days. The popliteal nodes showed all the above features, but in addition there was specific staining of a distinctive pattern associated with the majority of the follicles. This consisted of a fine web of stained material, the strands of which were irregularly distributed throughout the primary follicle. The in-terstices between the stained strands were so small that only 1 to 3 small lymphocytes could be included. The lymphocytes were just visible because of non-specific background staining. In some follicles, the bodies of reticular cells were also specifically stained, and the strands of the web could be seen to be continuous with the dendritic processes of the reticular cells. Such webs were unique to the follicular areas. No similar patterns were evident either in the diffuse cortex or in the medulla of the nodes.
The location and shape of these webs changed with time after antigen injection. At 1 hour, the webs extended from the peripheral sinus to a depth of about five cells; i.e., just into the outer border of the primary follicle. At 4 hours, they continued deeper into the peripheral portion of the primary follicles. By I day the webs were separated from the peripheral sinus, and occupied essentially all of the primary follicle (Figs. 3 a and 3 b) . By 3 days, an unstained, round area had appeared deep in some follicles, giving the webs a semilunar shape. The non-fluorescent areas, on staining with hematoxylin and eosin, proved to be small germinal centers. By 5 days, all the stained follicles showed this effect and all had well marked germinal centers (Fig. 4) .
Antigen Localization after a Secondary Sliraulus.--Prellmlnary experiments
with la~5-1abeled flagella (17) had shown that parafollicular and follicular localization occurred earlier and more intensively in the secondary than in the primary response. Accordingly, we studied the immunofluorescent localization pattern following secondary injections of 200 #g and 2 rag. In early experiments, we kept the primary dose (given 4 to 7 weeks earlier) small, 0.2 #g, as we did not wish persisting antigen from the 1st injection to obscure the pattern following the 2nd injection. When it became clear from the results described above that a primary dose of 100/~g gave negligible follicular staining, we performed a further experiment with this primary dose, and 200 ~tg was given as a secondary. This had the advantage that the 100 #g primary dose caused the appearance of considerably bigger germinal centers than the 0.1 gg dose. Details of injection and killing schedules are given in Table I .
Sections from the popliteal nodes of all secondarily stimulated rats showed follicular web staining patterns irrespective of the dose of antigen. One hour after secondary injection, specifically stained material was present in phagocytes of all the sinuses of the nodes, including the peripheral circular sinus. Deep to the latter, penetration of antigen into the superficial cell layers over follicles had begun (Figs. 5 a and 5 b). By 2 hours, a zone of specifically stained web was present over each follicle. By 4 hours, these zones had become thicker (Fig. 6) .
By 1 day, and thereafter, the peripheral sinuses and the areas immediately deep to them appeared to be free of antigen, and the characteristic webs could be seen to embrace relatively stain-free areas, ~/z., the germinal centers. At the superficial margins of the germinal center, the webs were denser than elsewhere in the follicles (Fig. 7) , and usually included 1 to 3 cell bodies with dendritic 
* Slight traces of web seen in and adjacent to germinal centers, not typical of webs seen with 1 mg flagella.
:~ Only a few specifically stained cells remained in peripheral sinuses at these times. § Both primary follicles and follicles with early germinal centers were present at this time.
arms which were continuous with the finer strands of the web. These areas had the appearance of "caps." Transparent negatives of photomicrographs taken of the fluorescent-stained areas were laid on top of, and exactly matched to contact prints of photomicrographs of the identical areas restained with hematoxylin and eosin. In this way exact localization of the caps in relation to the germinal centers could be obtained. It was seen that these caps straddled the superficial margins of the germinal centers, lying both partially within and partially above the germinal centers. Deep in the germinal centers there were variable numbers of specifically stained cells, some round, and some dendritic (Fig. 7) . At 3 days there were, as well, a few fine strands similar to those in the peripheral webs, and by 5 days fairly distinct webs appeared in the germinal centers themselves. Simultaneously, the caps, first seen straddling the germinal center margins, appeared to move to a position wholly within the germinal centers, although remaining near the margin,
The results of the fluorescent antibody studies are summarized in Table I . Antigen Localization Following a Previous, Non-Specific Stimulus.--Since a dose of 200/zg of flagella was sufficient to result in a specifically stained web after a secondary injection but not after a primary injection, it appeared that either the presence of a germinal center created a more efficient phagocytic web, or the presence of antibodies from the previous stimulus increased local phagocytosis, and thus the concentration of antigen in the web. Two experiments were performed to distinguish between these possibilities.
The aortic nodes and spleens of the rats which had received primary injections of 2 mg of flagella were stained for antigen, presence of germinal centers in these organs being predictable even in the absence of prior intentional immunization. At 1 and 4 hours the aortic nodes showed specific staining of phagocytes in the peripheral sinus and in some of the medullary sinuses. At 1, 3, and 5 days the cells of the peripheral sinus were no longer stained, although the cells of the medullary sinuses were. An occasional germinal center showed specific staining of small portions of peripheral webs, but never to the extent seen in the secondarily stimulated popliteal nodes. The spleens did not contain enough stainable antigen to characterize its position.
Two rats were given primary injections of 100 #g of flagella from S. paratyphi B, and 4 weeks later were given 200 #g of flagella from S. adelaide. The popliteal nodes were removed 4 hours and 1 day after the latter injection. The stainable antigen was present in the medullary phagocytes at both time points. At 1 day there were only small areas of specifically stained webs present at the superficial margins of some germinal centers, corresponding in location to the caps seen in secondarily stimulated nodes. The webs seen after specific restimulation were absent.
These results indicate that germinal centers per se are not necessarily more efficient in retaining antigen than primary follicles, but that increased re-tention in follicles at the time of a secondary stimulus is probably due to the preexistence of specific opsonins.
Localization of Colloidal Carbon in Primary Follicles and Germinal Centers.-To define further the nature of the fine web seen after fluorescent antibody staining for antigen in follicles and germinal centers, the pattern of retention of colloidal carbon in such areas was studied. With the dose of colloidal carbon injected into each foot-pad, dendritic phagocytes throughout both the popliteal and aortic lymph nodes were visible on unstained sections within 6 hours. The phagocytes of the peripheral and medullary sinuses, and dendritic cells of the diffuse cortex and medullary cords retained carbon in globules suggestive of intracytoplasmic vacuoles. However, primary follicles seen in popliteal nodes and germinal centers seen in aortic nodes retained carbon in different and distinctive patterns (Fig. 8) .
Sections of primary follicles usually showed 1 to 3 dendritic cell bodies, but they were also marked by a fine web of retained carbon which closely resembled the pattern of antigen retention seen by fluorescent staining (Fig. 9) . Again the interstices of this fine web were only large enough to contain 1 to 3 small lymphocytes. The carbon retained in this web was present in part as very fine particles and in part as a light homogeneous stain. The webs were therefore best seen on unstained sections, becoming partially masked by hematoxylin and eosin or methyl green-pyronin staining.
Sections of germinal centers showed a fine web partially surrounding the germinal center with a zone of concentrated carbon lying over that margin of the germinal center closest to the peripheral sinus (Figs. 10 a and 10 b) .
Staining for Raiculin Fibers and Metalophil Cdls.--Neither the stain for reticulin fibers nor the stain for metalophll ceils showed the dense web seen by fluorescent antibody staining for antigen and by the retention of carbon in lymph node follicles. The distribution of stainable reticulin fibers was always less dense than the web seen by the previous methods. The stain for metalophll cells showed a distribution of dendritic cell bodies in primary follicles similar to that seen with fluorescent antibody staining after low primary doses of antigen, i.e.; one to three cell bodies or dendritic arms in each primary follicle.
When sections of lymph nodes which contained carbon were stained for reticulin fibers, the phagocytic cells of the diffuse cortex, and their dendritic arms, could be seen in close association with the stained fibers as described by Bloom (15) . This was only partially true in the primary follicles and germinal centers. Phagocytic cell bodies in these latter areas were usually associated with reticulin fibers, but many fine carbon-retaining strands passed between as well as along stainable fibers (Fig. 11) .
DISCUSSION
These studies confirm the work previously reported from this laboratory relative to the localization of antigen in primary follicles and germinal centers of lymph nodes (1-5, 17) . The patterns obtained by direct fluorescent antibody staining of antigen are completely consistent with the localization of isotope after the injection of 112s-or Ira-labeled antigen.
The fact that we needed greater doses of antigen to demonstrate the follicular pattern after a primary stimulus than after a secondary stimulus confirms the finding that isotope is more concentrated in follicles after a secondary stimulus than after a primary stimulus (17) . Our studies suggest that this is due to the presence of opsonins resulting from the primary response since the presence of germinal centers per se did not result in a significant increase of antigen concentration in follicles.
The fine, webbed pattern of retained antigen or carbon in primary follicles and adjacent to germinal centers was not seen in other parts of the lymph node. The pattern was distinctive because of the fineness of the strands and because of the smallness of the spaces between strands. We do not believe that either the antigen or the carbon was being retained on the surface of small lymphocytes. Small lymphocytes on sections stained by fluorescent antibody had faint, non-specific fluorescence, and it could clearly be seen that specifically stained strands surrounded small groups of cells, not each individual cell. The same was true of carbon-retalulng strands on high power examination of lightly stained sections.
We favor the alternative view that the antigen is associated with fine processes of phagocytic cells. Dendritic arms of macrophages in other parts of the node are known to accompany reticu|in fibers, and an increased number of fibers has been described around germinal centers (9, 15) . However, despite this increased number, there are still far more carbon-and antigen-retaining strands than there are reticulin fibers, and many of these strands are specifically not associated with reticulln fibers. Therefore, the phagocytic cells we believe responsible for the follicular pattern of antigen and carbon retention, must be either functionally or morphologically distinct from the dendritic cells of the rest of the lymph node. Proof of this point will have to await electron microscopic studies specifically of primary follicles.
Despite the large number of previous studies of carbon localization, we have not been able to find a prior description of the singular pattern of phagocytosis in follicles and around germinal centers. Several explanations may account for this. The classical work tended to concentrate attention on the distribution after intravenous injection, which largely spared lymph nodes (18), or described the localization after only very brief intervals following injection (19) . More recent studies of carbon phagocytosis have been essentially limited to physiological aspects rather than histological details, as exemplified by the work of Biozzi et al. (20) .
While antigen has been detected in follicles by fluorescent antibody methods before (6, 7) , the pattern that we have described has not previously been noted.
One reason/or this may be the large dose of antigen needed to demonstrate the reticulum web in our fluorescent antibody studies. As studies with ln25-labeled antigens had shown that follicular localization was more intense with flagella than with many other classical antigens such as bovine serum albumin or diphtheria toxoid (5), other workers using immunofluorescence to trace antigen may have failed to detect the presence of this phagocytic web for purely quantitative reasons. Our first attempts with primary doses of antigen less than 2 mg failed to demonstrate the webs in primary follicles. The studies emphasize the very much greater sensitivity of our autoradiographic detection methods when compared with our immunofluorescent methods. Distinctive follicular localization can be obtained by autoradiography following a primary injection of 0.02 ~g II~5-1abeled flagella, a dose about 100,000 times as small as the 2 mg needed for consistent results in this work. Although this ratio will vary with different experimental systems, the dependence of the fluorescent antibody method on high local concentrations of antigen is reemphasized.
Our prior findings indicated that localization of injected material in primary follicles was a feature specific for antigens (3, 17) . The localization of carbon to these areas does not necessarily contradict the prior findings or conclusions. Jenkin and Rowiey (21) have shown that opsonins, of unknown nature, enhance phagocytosis of carbon as well as antigenic material. It may be that cells of the follicular web recognize "foreignness" solely on the basis of the presence of opsonins on the surface of the materials which encounter the web. Carbon, despite its inert antigenic nature, would thus be phagocytosed as if it were an antigen while non-opsonized material would escape the web. On the other hand, red autofluorescent material, presumably degraded hemoglobin or ceroid pigment, is frequently seen in phagocytes in follicles, occasionally in the same cell bodies or cell processes that contain stainable antigen. It is more difficult to imagine that these "self" materials are opsonized and handled as "foreign," although we know of no evidence which specifically contradicts this possibility.
The most interesting feature to us of this reticulum web in primary follicles is its possible importance in the induction of immune responses. The great surface area and the small size of the "pores" between strands would enable a very large number of lymphocytes to come into direct contact with antigenretaining phagocytic cytoplasm, particularly if it is assumed that lymphocytes are in constant movement through the web. This would present advantages not previously recognized when considering the mechanisms of induction of the immune response proposed both by the strict clonal selection theory of antibody synthesis, and by the theories involving transfer of an activating principle from phagocytes to immunologically competent cells. Germinal centers would arise specifically in relation to these webs because these would be the areas in which it is statistically most likely that lymphocytes would come in contact with antigen-containing phagocytes. Indeed, once in the web of reticulum in these areas, a lymphocyte could not avoid contact with either antigen on the surface of phagocytes, or phagocytes which were actively processing antigens.
The localization of antigen in primary follicles and germinal centers of rat popliteal lymph nodes described previously using 112s-and I~31-1abeled antigen has been confirmed by direct staining with fluorescent antibodies. A fine web of phagocytic reticulum in primary follicles was found to be responsible for antigen localization in this area. The nature of this web was confirmed by studies of the localization of colloidal carbon. This unique feature of primary follicles is discussed in relation to its importance in the induction of immune responses, our belief being that the great surface area of antigen retaining cytoplasm in primary follicles is responsible for the appearance of germinal centers in these particular parts of the node. A hematoxylin and eosin-stained section of the same aortic node shown in Fig. 10 a, showing the masking effect of the stain on the visibility of the finer portions of the web, but also showing the position of the denser portions of the carbonretaining web to the peripheral margin of the germinal center. X 250.
Fro. 11. A section of a primary follicle from the same popliteal node shown in Fig. 9 , stained by the silver impregnation method for reticulin fibers. The cell nuclei are stained, but the wavy or kinked reticulin fibers can be seen passing between them. Besides the stained fibers, and more numerous, are fine strands appearing as lines of small beads. These are the coarser of the carbon-retaining strands. Finer strands have been masked by the stain. This illustrates the lack of relation between stainable reticulin fibers and the antigen-and carbon-retaining web. X 1000.
